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The bright F8 V solar-type star upsilon Andromedae has recently reported
to have a system of three planets of Jovian masses. In order to investigate the
orbital stability and mutual gravitational interactions among these planets,
direct integrations of all three planets’ orbits have been performed. It is shown
that the middle and the outer planet have strong interaction leading to large
time variations in the eccentricities of these planets.
Subject headings: celestial mechanics - stellar dynamics - planetary system
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1. Introduction
As a result of recent observational efforts, the number of known extrasolar planets
increased dramatically. Among these newly discovered planetary systems, upsilon
Andromedae appears to be most interesting because of the presence of three planetary
members (Butler et al. 1999). Since its discovery, the dynamics of this multiple planetary
system has drawn a lot of attention.
For example, it would be interesting to understand the origin of the orbital
configurations of these three extrasolar planets and their mutual interactions.
(See Table 1).
Table 1: The Orbital Elements
Companion Period M/MJ a/AU e
B 4.62 d 0.72 0.059 0.042
C 242 d 1.98 0.83 0.22
D 3.8 yr 4.11 2.50 0.40
It is a remarkable fact that the eccentricities of the companion planets increase from
0.042 for the innermost member to a value as large as 0.40 for the outermost member.
An interesting issue is therefore whether Companion C and Companion D might have
interacted strongly in the past. Several groups have investigated this problem by long-term
orbital integration. Laughlin & Adams (1999) simplified the model computation by
ignoring the innermost planet. They found that the upsilon Andromedae system should
experience chaotic evolution for all parameters derived from observations. Inspite of the
large amplitudes of the eccentricities of the middle and outer planets, this system could
remain non-crossing over the present 2-3 Gyr age for a significant number of the cases
studies. Rivera & Lissauer (2000) found that some orbital configurations are stable over a
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time scale of Gyr and they drew the conclusion that such configurations could be the real
ones since it is exceedingly unlikely that this system is detected just prior to disruption.
Finally, Barnes & Quinn (2000) produced 1000 numerical simulations and concluded that
the upsilon Andromedae system is marginal stable from the statistical point of view and it
is at the verge of chaos just like our solar system.
From the above-mentioned studies, it is clear that the long-term stability of the upsilon
Andromedae system is still to be determined. In the present work, we focus our attention
on the short-term variability of the planetary orbits and the response of the innermost
planet. For this reason, in contrast to previous studies our computation will include all
three extrasolar planets. We focus on the interaction between three planets and the results
will be in Section 2. We give the discussions in Section 3.
2. The Results
The SWIFT integrator (Levison & Duncan 1994) was used to integrate the orbits
with initial conditions taken from Table 3 of Butler et al. (1999). The time variations of
the semi-major axes (a) and eccentricities (e) are given in Figure 1 and Figure 2. Rather
significant variations in eccentricities are found which can be understood in terms of
planet-planet interaction.
As usually encountered in celestial mechanics, the semi-major axes remain nearly
invariant while the eccentricities could follow rapid variations of large amplitudes as a
consequence of angular momentum exchange.
The variation of semi-major axis and eccentricity are obviously due to the planet-planet
interaction. We can understand the details of this interaction from the results in Figure 1-2






where Ci is the energy, µi = G(M? + Mi), ai is the semi-major axis. The index i can be m
for the middle planet and o for the outer planet. Therefore, Mm is the mass of the middle






[2h˙i/hi + C˙i/Ci], (2)
where ei is the eccentricity and hi is the angular momentum.
The most interesting result from our simulation is that the semi-major axis of the
middle planet does not change much but the eccentricity change quickly between 0.0 and
0.2 . This tells us C˙m is small from Equation 1. Thus, from Equation 2, we know that all
the quick eccentricity variation is due to the angular momentum variation. Figure 2 showed
that the frequencies of eccentricity variation of middle and outer planet are very close and
thus the angular momemtum change of the middle planet must be due to the force from
the outer planet. The semi-major axis of the outer planet also has certain variation and
this should be from the energy exchange with the middle planet because Equation 1 tells us
that the time derivative of semi-major axis is related to the time derivative of energy. The
reason why the variation of semi-major axis of the middle planet looks so small is due to
the form of Equation 1: For the same C˙i, a˙i is smaller for smaller ai. The reason why the
variation of ei for the outer planet is smaller is partially because (e
2
i − 1)/(2ei) for the outer
is about 1.05 but 2.4 for the middle planet in Equation 2. Therefore, the outer and middle
planets are indeed interacting strongly.
– 6 –
3. Discussions
The dynamics of extrasolar planetary systems continues to be a fascinating and
important subject. One of the very intriguing aspects for the extrasolar planets is the
existence of orbits of high eccentricities. The dynamical cause of high eccentricities is
unknown but should be related to the early history of planetary formation or stellar
encounters.
One observational fact is that extrasolar planets with high eccentricity usually have
larger semi-major axis than those with small eccentricity. This might be for the reason
that, for extrasolar planets of small semi-major axis, highly eccentric orbits are less stable
against stellar impact or orbital ejection. The upsilon Andromedae planetary system follows
this observational trend. Even though the cause of the high eccentricity (0.4) of the outer
planet is unknown, our computation showed that the gravitational interaction of these
four-body system is potentially very complex and the eccentricity of the middle planet can
vary between 0 and 0.2 over the time interval of orbital integration.
Lin (2000) recently reported that for the case of longer integrations, the eccentricity of
the innermost planet can get very high because the long-term secular perturbation from the
outer two planets begins to turn on. He claimed that the effect of General Relativity can
reduce this eccentricity and make the system more stable.
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Fig. 1.— The semi-major axises of all planets as function of time, where the solid line is for








Fig. 2.— The eccentricities of all planets as function of time, where the solid line is for the
inner planet, the dotted line is for the middle planet and the dashed line is for the outer
planet.
